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and	 loss	 of	 suitable	 foraging	 habitats,	 combined	with	 pesticide	 exposure,	may	 in-
crease	demands	on	foraging,	specifically	the	ability	to	collect	or	reach	sufficient	re-
sources	 under	 such	 stress.	 Understanding	 effects	 that	 pesticides	 have	 on	 flight	
performance	is	therefore	vital	if	we	are	to	assess	colony	success	in	these	changing	




bee	 (Apis mellifera),	 this	 has	 scarcely	 been	 tested.	 Here,	 we	 used	 flight	 mills	 to	
investigate	how	exposure	to	a	field	realistic	(10	ppb)	acute	dose	of	imidacloprid	af-
fected	 flight	 performance	 of	 a	wild	 insect	 pollinator—the	 bumblebee,	Bombus ter‐
restris audax.	Intriguingly,	observations	showed	exposed	workers	flew	at	a	significantly	




late	 to	a	decline	 in	potential	 forage	area,	decreasing	the	abundance,	diversity,	and	
nutritional	quality	of	available	food,	while	potentially	diminishing	pollination	service	
capabilities.
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1  | INTRODUC TION
The	 extent	 to	 which	 insects	 move	 across	 landscapes	 has	 signif-
icant	 implications	 for	 human	welfare.	 Highly	mobile	 species	 can	
potentially	cause	detrimental	insect	pest	outbreaks	(Mazzi	&	Dorn,	
2012;	 Sharov	 &	 Liebhold,	 1998),	 invasions	 (Myers,	 Simberloff,	
Kuris,	&	Carey,	2000;	Renault,	Laparie,	McCauley,	&	Bonte,	2018),	
or	 the	 spread	 of	 vector‐borne	 diseases	 (Dujardin	 et	 al.,	 2008;	












The	 emergence	 of	 intensive	 agriculture	 can	 cause	 loss	 and	










Jha	&	Kremen,	 2013;	 Pelletier	&	McNeil,	 2003;	 Schmid‐Hempel	
&	Schmid‐Hempel,	1998).	Hence	any	stressor	lowering	individual	





Insecticides	 are	 commonly	 applied	 in	 agricultural	 landscapes	 as	
a	 pest	 management	 strategy	 (Fernandez‐Cornejo	 &	 Vialou,	 2014;	
Ramankutty	et	al.,	2018),	with	neonicotinoids	being	one	of	the	most	
widely	used	classes	worldwide	(Simon‐Delso	et	al.,	2015).	However,	
neonicotinoids	 have	 been	 implicated	 as	 a	 threat	 to	 eusocial	 bees	
(Gill	 et	 al.,	 2012;	 Goulson,	 2013;	 Lundin,	 Rundlöf,	 Smith,	 Fries,	 &	






paired	 homing	 ability	 (Fischer	 et	 al.,	 2014)	 and	 foraging	 efficiency	
of	workers,	 including	 longer	 foraging	 trips	and	reduced	rate	of	pol-
len	collection	 (Feltham,	Park,	&	Goulson,	2014;	Gill	&	Raine,	2014;	
Stanley	 &	 Raine,	 2016).	 A	 possible	 explanation	 for	 these	 reported	
impairments	is	that	certain	aspects	of	foraging	flight	dynamics,	such	
























on	 different	 aspects	 of	 bumblebee	 (Bombus terrestris audax)	 flight	
performance	using	a	controlled	tethered	flight	mill	setup	(Figure	1).	
For	this	study,	we	exposed	 individual	workers	to	the	neonicotinoid	












Here,	we	 tested	 the	 propensity	 of	 individual	 bees	 to	 fly,	 followed	
by	the	measures	of	their	flight	distance	and	duration,	the	dynamics	
of	velocity	over	 the	course	of	 the	 flight	 test,	and	 investigated	how	




Three	 bumblebee	 Bombus terrestris audax	 colonies,	 containing	
a	 queen	 and	 between	 130	 and	 150	 workers,	 were	 supplied	 by	 a	
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commercial	 company	 (Agralan	 Ltd).	 Each	 colony	 was	 delivered	 in	
a	 separately	 housed	 plastic	 nest	 box	 (29	×	22.5	×	13	cm)	 and	 kept	
in	a	controlled	environment	room	(25°C)	under	red	light.	From	the	
point	 of	 arrival,	 colonies	were	 provisioned	with	 4g	 of	 pollen	 daily	
and	supplied	with	ad	 libitum	10/90%	sucrose/water	 solution	via	a	
connected	 reservoir.	A	10%	sucrose	concentration	 falls	within	 the	










2.2 | Flight mill setup and bee tethering
Six	flight	mills	were	set	up	 in	a	separate	adjoining	room	under	the	
same	environmental	conditions	as	the	housing	room	(constant	25°C	





bee's	 thorax	 through	magnetic	attraction	 (Figure	1).	The	 revolving	
brass	wire	was	suspended	over	a	central	Delrin	rod	by	the	repulsive	






























































testing	 took	 place	 over	 an	 8‐day	 period.	Workers	 were	 tested	 in	
bouts,	with	5–6	bouts	undertaken	per	day.	Six	workers	were	sam-

























the	 tube.	While	 this	 protocol	meant	 that	we	 could	 not	 determine	
the	precise	dosage	of	imidacloprid	consumed	by	each	worker,	which	
might	have	improved	the	predictive	power	of	our	models,	it	did	allow	
workers	to	feed	to	satiation,	which	 is	a	state	 likely	to	occur	 in	the	









mill	 had	 a	 separate	 height‐adjustable	 stand	 which	 was	 erected	
once	the	bee	was	tethered	and	used	to	hold	the	worker	 in	place	
(Figure	 1d).	 Prior	 to	 initiating	 the	 flight	 test,	workers	were	 held	
in	 place	 for	 a	 period	 of	 10	min	 for	 two	 primary	 reasons.	 Firstly,	
pilot	observations	demonstrated	that	some	bees	were	initially	ir-
ritated	by	attachment	 to	 the	mill	 and	would	attempt	 to	dislodge	
themselves	 from	 the	magnet	 using	 middle	 and	 hind	 legs,	 which	
discouraged	 flight.	 A	 10‐min	 acclimatization	 period	 allowed	 irri-
tation	 to	 subside,	 and	 all	 bees	 in	 the	 pilot	 study	 had	withdrawn	
legs	from	the	magnet	at	this	point.	Secondly,	a	balance	was	sought	
between	giving	workers	time	to	metabolize	the	neonicotinoid	and	
preventing	 demotivation	 to	 fly	 by	 having	 them	 separated	 from	
their	 natal	 colony	 for	 too	 long.	Honeybees	metabolize	 imidaclo-
prid	and	other	neonicotinoids	quickly,	with	a	100	µg/kg	dose	of	
imidacloprid	 showing	 the	greatest	 levels	of	presence	 in	 the	 tho-
rax	 and	 abdomen	 after	 just	 20	min	 from	 ingestion	 (Suchail,	 De	















































and	decreases	 the	possibility	of	excluding	 individuals	 from	 testing	
that	are	initially	demotivated	to	fly	due	to	the	experimental	setup.
Following	each	 flight	 test,	workers	were	placed	 in	 separate	 la-
beled	 tubes	 and	 frozen	 (−20°C).	 After	 completion	 of	 the	 whole	
experiment,	for	each	 individual	worker	we	measured:	 (a)	wet	body	
















capacity.	For	each	worker	 flying	beyond	 the	100‐m	 threshold,	we	









The	 velocity	 calculations	 for	 each	 individual	 flight	 test	 were	
carried	out	on	cleaned	data	in	which	the	following	circuits	were	ex-
cluded	 from	the	analysis:	 (a)	 first	 five	circuits	of	 the	 first	 flight	at-
tempt;	 (b)	 first	 five	circuits	directly	 following	a	 flight	 stoppage;	 (c)	
the	 circuit	 directly	 preceding	 a	 flight	 stoppage.	 It	was	noted	 from	
pilot	observations	and	the	main	study	that	removal	of	the	support	








2.6 | Data and statistical analysis
When	considering	total	duration	flown,	 it	was	noted	that	the	data	
were	 bimodally	 distributed	 (Supporting	 information	 Figure	 S1b);	
therefore,	we	 converted	 the	 results	 to	 a	 binary	 response	 variable	
categorized	as	having	or	having	not	flown	>2000	s,	with	this	dura-
tion	value	decided	on	as	it	fell	at	the	bottom	of	the	bimodal	concave.













model	 (GLMM)	 function	under	a	binomial	 family	distribution,	with	
a	 linear	mixed	model	 (LMM)	 function	used	 for	all	other	 responses	
(feeding	time,	total	distance	flown,	mean	velocity,	maximum	veloc-
ity).	However,	where	the	random	effect	of	colony	explained	none	of	
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or	2	=	unideal),	ITS,	and	the	interaction	between	the	two.	Flight	ve-
locity	over	 time	 (considering	 flight	over	 the	 first	900	circuits)	was	
analyzed	using	an	LMM	function	with	the	random	effect	structure	
nesting	individual	bee	ID	within	circuit	to	account	for	individual	re-
peated	measures	 over	 time	 and	 fixed	 effects	 including	 treatment,	
ITS,	circuit,	and	the	interaction	term	between	treatment	and	circuit. 
The	model	suffered	from	high	eigenvalues	and	had	trouble	converg-














We	found	no	significant	effect	of	 treatment	on	 the	propensity	 to	
feed	(n	=	9	control	&	4	pesticide	workers	did	not	feed;	GLM:	z219	=	1.3,	
p	=	0.20).	In	concordance	with	our	pilot	observations,	we	found	that	
any	 feeds	 following	 the	 first	were	 sporadic	 and	 short,	 suggesting	
workers	 fed	 to	 relative	 satiety	 on	 their	 first	 feed.	 Therefore,	 we	
used	 the	 length	 of	 first	 feeding	 time	 as	 a	 reliable	 proxy	 for	 total	
feeding	time.	Of	 the	209	workers	 that	 fed,	 the	mean	 (±SEM)	 time	
spent	 feeding	was	138	±	9.0	s	 (n	=	102)	and	127.2	±	7.8	s	 (n	=	107)	
for	 control	 and	 pesticide	 workers,	 respectively,	 with	 no	 signifi-
cant	 difference	 between	 treatments	 (LMM:	 t204=−0.8,	 p	=	0.44;	
Supporting	 information	Figure	S2).	We	found	that	while	body	size	








detailed	below,	 and	 these	 are	 reported	 in	Supporting	 information	
Table	S1.
3.2 | Flight behavior
The	 flight	data	 from	140	of	 the	180	bees	 tested	on	 the	 flight	mill	
were	analyzed	 (Table	1),	as	 four	workers	were	not	considered	due	
to	 flight	mill	 technical	 difficulties,	 and	36	not	 considered	because	
unideal	 (score	2)	 tag	application	appeared	to	affect	 the	aspects	of	
flight	performance	(please	see	below	for	justification).












showing	 lower	 total	 duration	 flown	 (control	=	1,114	 vs.	 2,132	s;	 pes‐











Total	bees	at	start 111 111 222
Filter	step	1
Did	not	feed 9 4 13
Fed 102 107 209
Filter	step	2
Fed	<60	s 16 13 29
Fed	>60	s 86 94 180
Filter	step	3
Technical	difficulties 2 2 4
Used	in	flight	mill	study 84 92 176
Filter	step	4
Tag	Rating	2 18 18 36
Tag	Rating	1 66 74 140
Filter	step	5
Did	not	fly 19 18 37
Flew 47 56 103
Filter	step	6
Flew	<100	m 12 24 36





Remaining	bees	for	final	analysis 26 27 53
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translated	 to	 an	estimated	probability	of	control	workers	 initiating	
flight	of	0.49,	0.77,	 and	0.92	 for	workers	with	 a	4	mm,	5	mm,	 and	
6	mm	ITS,	respectively,	with	a	similar	pattern	observed	for	pesticide 












3.2.3 | Flight endurance & velocity
Inspection	of	the	67	bees	that	flew	>100	m	showed	an	uneven	 ITS 
distribution	 between	 treatments,	 with	 a	 significant	 bias	 of	 larger	
pesticide	workers	 (mean	 ITS	 of	4.83	±	0.05	mm	vs.	4.99	±	0.04	mm	
for	control	vs.	pesticide	workers,	respectively;	LM:	t65	=	2.4,	p	=	0.02).	




removing	 the	smallest	10%	 (n	=	6	control & 1 pesticide)	 and	 largest	
10%	(n	=	3	control	&	4	pesticide)	of	workers;	resulting	in	no	significant	
difference	 in	 worker	 ITS	 between	 treatments	 (4.86	±	0.03	mm	 vs.	
4.94	±	0.03	mm	 for	control	 vs.	pesticide	workers,	 respectively;	 LM:	
t51	=	1.8,	p	=	0.08;	Table	1).	Normalizing	 the	dataset	 allowed	us	 to	










of	 just	 822.0	±	90.8	s	 for	 pesticide‐exposed	 workers	 being	 consid-
erably	shorter	 than	2,852.2	±	234.4	s	 for	control	workers	 (Figure	4b;	
Supporting	information	Table	S1).	Durations	flown	across	all	workers	
(Figure	 4b)	 showed	 a	 striking	 difference	 between	 treatments,	 with	
a	 proportion	 of	 just	 0.04	 of	pesticide	workers	 flying	>	2000	s,	while	
0.81	 of	 control	 workers	 surpassed	 this	 duration	 (GLMM:	 z49	=	−4.0,	
p	<	0.001;	Supporting	 information	Table	S1).	Furthermore,	 a	propor-
tion	 of	 0.65	 of	 control	 workers	 flew	 for	 the	 full	 60	min	 permitted,	
whereas	critically	not	one	pesticide‐exposed	worker	achieved	this.
Interestingly,	 the	effect	of	worker	body	size	on	distance	flown	
appeared	 to	 differ	 between	 pesticide	 and	 control	 groups,	 as	 indi-
cated	 by	 a	 significant	 treatment*ITS	 interaction	 (LMM:	 t47	=	−2.2,	
p	=	0.03;	 Figure	 4a;	 Supporting	 information	 Table	 S1).	 Separate	
analysis	of	each	treatment	group	showed	that	while	 increasing	 ITS 
resulted	 in	 significantly	 higher	 total	 distances	 for	 control	 workers	
(LMM:	 t22	=	2.2,	p	=	0.04),	 this	 relationship	was	not	 found	 for	pes‐








When	 considering	 the	 velocity	 of	 individuals	 across	 the	 total	
flight	period,	we	 found	pesticide‐exposed	workers	attained	a	 sig-
nificantly	 higher	 mean	 (±	 s.e.m)	 velocity	 of	 0.84	±	0.05	m/s	 per	
worker	compared	with	0.63	±	0.04	m/s	for	controls	(LMM:	t48	=	3.0,	
p	=	0.005;	Figure	4c;	Supporting	 information	Table	S1).	For	maxi-
mum	velocity,	we	 found	no	 significant	difference	between	 treat-
ments	(LMM:	t47	=	1.6,	p	=	0.12;	Figure	4d;	Supporting	information	
Table	 S1).	 However,	 it	 was	 intriguing	 that	 the	 average	maximum	
velocity	 for	 pesticide‐exposed	 workers	 was	 higher	 than	 controls 
(mean	±	SEM	=	1.52	±	0.06	m/s	 vs.	 1.34	±	0.09	m/s).	 This	 obser-
vation	 is	 consistent	 with	 our	 previous	 analysis	 looking	 at	 mean	
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velocity	over	 the	total	 flight	period	and	motivated	us	 to	examine	
at	 what	 stages	 in	 flight	 these	 differences	 in	 velocity	 may	 occur.	
Pesticide	workers	appeared	to	maintain	a	higher	velocity	compared	







tained	over	 these	circuits	 (treatment*circuit	 interaction:	 t752	=	1.9,	
p	=	0.07).	 Neither	 mean	 nor	 maximum	 velocity	 was	 significantly	
predicted	 by	 worker	 ITS	 (LMM:	 t48	=	1.6,	 p	=	0.12	 &	 t47	=	1.0,	
p	=	0.32,	 respectively;	Figure	4c,	d;	Supporting	 information	Table	
S1),	and	there	appeared	to	be	no	effect	of	ITS	on	velocity	over	the	
first	 900	 circuits	 (LMM:	 t753	=	0.5,	p	=	0.62;	 Supporting	 informa-
tion	Table	S3).
4  | DISCUSSION
Despite	 the	 importance	of	bumblebee	 foraging	ability	 in	provid-
ing	a	key	pollination	service	 (Garibaldi	et	al.,	2013;	Kleczkowski,	
Ellis,	 Hanley,	 &	 Goulson,	 2017;	 Stanley	 et	 al.,	 2015),	 this	 study,	
to	our	 knowledge,	 is	 the	 first	 to	 test	 how	a	 specific	 stressor	 di-
rectly	affects	the	properties	of	flight	in	bumblebees.	Our	findings	
demonstrate	that	acute	exposure	to	the	neonicotinoid	pesticide,	
imidacloprid,	 was	 sufficient	 to	 significantly	 impact	 overall	 flight	
endurance,	 reducing	 flight	 distance	 and	 duration	 to	 around	 a	









flight.	 Furthermore,	 our	 results	 suggest	 that	 pesticide	 exposure	








































on	 reducing	 bumblebee	 worker	 flight	 endurance	 observed	 in	 our	
study	did	come	as	a	surprise,	as	a	previous	honeybee	study	showed	
acute	 exposure	 to	 thiamethoxam	 increased	 flight	 endurance	 (Tosi	
et	al.,	2017).	One	possible	explanation	for	these	contrasting	results	
is	 the	structural	differences	between	thiamethoxam	and	 imidaclo-
prid	 compounds,	which	bind	 to	 different	 sites	 on	nicotinic	 acetyl-
choline	receptors	(nAChRs)	with	variable	affinity	(Iwasa,	Motoyama,	
Ambrose,	 &	 Roe,	 2004;	 Kayser	 et	 al.,	 2004;	Marletto,	 Patetta,	 &	
Manino,	2003;	Wiesner	&	Kayser,	2000).	Indeed,	studies	have	pre-
viously	 shown	 bumblebees	 to	 be	 less	 sensitive	 to	 thiamethoxam	
compared	to	 imidacloprid	when	considering	effects	on	brood	pro-
duction	and	food	consumption	(Heard	et	al.,	2017;	Laycock,	Cotterell,	






2015).	Therefore,	 this	 reinforces	the	view	that	 responses	to	pesti-
cide	exposure	can	vary	considerably	even	between	closely	related	









Our	 flight	 tests	 suggest	 that	 imidacloprid‐exposed	 bumblebee	
workers	experienced	a	rapid	demotivation	to	fly	as	the	test	progressed	
and/or	 tired	 quickly	 leading	 to	 premature	 physical	 exhaustion.	Our	
study	was	not	designed	 specifically	 to	 test	 these	 two	non‐mutually	
exclusive	explanations;	however,	given	that	only	4%	of	pesticide‐ex-
posed	workers	 flew	>2,000	s	 (control	=	81%)	 and	 that	not	one	 indi-
vidual	completed	the	60	min	test	(control	=	65%),	our	findings	suggest	
that	physical	ability	may	have	been	affected,	which	could	then	have	
subsequently	 led	 to	demotivation.	We	 found	no	difference	 in	 initial	
motivation	 to	 fly	 and	 in	 fact	 pesticide‐exposed	workers	 flew	 faster	
than	control	workers,	implying	that	immediate	motor	function	was	not	
impaired	per	se,	but	instead	that	imidacloprid	reduced	flight	stamina.	
































previously	 suggested	 to	 underpin	 neonicotinoid	 effects	 on	honey-
bee	flight	and	locomotor	activity	(Lambin,	Armengaud,	Raymond,	&	
Gauthier,	2001;	Suchail,	Guez,	&	Belzunces,	2001;	Tosi	et	al.,	2017).	
Bumblebee	 colony	 level	 exposure	 to	 imidacloprid	 also	 leads	 to	 a	




increased	movement	 speed	 in	nest	bumblebee	workers,	 it	 actually	
decreased	the	amount	of	time	workers	were	active,	showing	similar	
patterns	of	effects	to	our	own	findings.	Similarly,	when	investigating	




Heat	 generation	 in	 bumblebees	 is	 attained	 through	 contraction	of	












anisms	 behind	 how	 neurotoxic	 insecticides	act	 and	 their	 temporal	
sublethal	effects	(Suchail	et	al.,	2001;	Wen	&	Scott,	1997).
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Bumblebees	reportedly	exhibit	a	certain	degree	of	alloethism,	
whereby	worker	body	size	can	determine	divisions	in	colony	tasks	
(Goulson	 et	 al.,	 2002;	 Herrmann,	 Haddad,	 &	 Levey,	 2018;	 Peat,	
Tucker,	&	Goulson,	2005).	Larger	workers	of	a	colony	are	consid-
ered	more	likely	to	become	committed	foragers	(Jandt	&	Dornhaus,	
2009;	 Spaethe	&	Weidenmuller,	 2002),	 and	 there	have	been	 re-
ports	 of	 foraging	 rate,	 distance,	 and	efficiency	 (nectar	 collected	
per	 unit	 time)	 increasing	 with	 body	 size	 (Goulson	 et	 al.,	 2002;	
Greenleaf	 et	 al.,	 2007;	 Jandt	 &	 Dornhaus,	 2009;	 Kapustjanskij,	






Critically,	however,	we	 found	no	such	significant	 relationships	 in	
pesticide‐exposed	workers,	suggesting	that	the	negative	effect	of	
neonicotinoid	exposure	on	flight	actually	 increased	in	magnitude	
as	workers	 increased	 in	 body	 size.	 Intriguingly,	 a	 previous	 study	
showed	 that	 neonicotinoid‐induced	 impairment	 to	 spatial	 learn-
ing	behavior	in	bumblebees	appeared	to	be	exhibited	more	highly	
in	 the	 largest	 colony	workers	 (Samuelson,	 Chen‐Wishart,	Gill,	 &	
Leadbeater,	2016).	Together	 these	 findings	 raise	 the	question	as	
to	whether	 larger	bumblebees	are	more	 susceptible	 to	pesticide	
effects.	 With	 pesticide	 exposure	 seemingly	 counteracting	 the	














using	 different	 techniques	 including	 harmonic	 radar	 (Osborne	 et	
al.,	1999),	mark–recapture	(Kreyer,	Oed,	Walther‐Hellwig,	&	Frankl,	
2004;	Osborne	et	al.,	2008),	and	use	of	microsatellite	genetic	mark-










flew	 less	distance	 than	 the	 lower	 limit	of	 this	 estimated	 foraging	
range,	with	imidacloprid	exposure	reducing	total	flight	distance	by	
nearly	1.2	km	on	average.	This	corresponds	to	a	64%	reduction	in	
comparison	with	 the	control,	which	would	 lead	 to	 a	notable	87%	
decline	in	the	total	foraging	area	accessible	to	a	colony	(using	the	
colony	 as	 the	 epicenter).	 Pesticide	 exposure	will	 therefore	 place	
increased	stress	on	bumblebee	colonies,	with	foragers	potentially	
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